Abstract-One of the central topics in environmental bioremediation research is to identify microorganisms that are capable of degrading the contaminants of interest. Here we report application of combined microautoradiography (MAR) and fluorescence in situ hybridization (FISH). The method has previously been used in a number of systems; however, here we demonstrate its feasibility in studying the degradation of xenobiotic compounds. With a model system (coculture of Pseudomonas putida B2 and Sphingomonas stygia incubated with [ 14 C] o-nitrophenol), combination of MAR and FISH was shown to be able to successfully identify the microorganisms degrading o-nitrophenol. Compared with the conventional techniques, MAR-FISH allows fast and accurate identification of the microorganisms involved in environmental contaminant degradation.
INTRODUCTION
Bioremediation of contaminated sites relies on microorganisms that can convert toxic organic compounds to harmless products. It has been increasingly used as an alternative to physical or chemical approaches for the remediation of contaminants such as petroleum hydrocarbons. Two engineered bioremediation approaches are usually favored: the stimulation of indigenous organisms to degrade the contaminants of interest (biostimulation) and the introduction of organisms that manifest a desired activity that are not present at the contaminated site (bioaugmentation). For either approach, it is crucial to identify organisms capable of degrading the contaminants of interest. This is often done by conventional cultivation methods, that is, taking samples from contaminated sites, followed by an enrichment isolation and characterization of the desired microorganisms in the laboratory [1, 2] . Since cultivation is often not possible, molecular biology techniques, mainly 16S ribosomal RNA (rRNA)-based methods, such as denaturing gradient gel electrophoresis, terminal restriction fragment length polymorphisms (t-RFLP), and fluorescence in situ hybridization (FISH), have been increasingly applied in recent years [3] [4] [5] [6] [7] [8] . However, none of these methods allows a direct link between the identity and the catabolic activity of the organisms.
In this study we describe application of combined use of microautoradiography (MAR) and FISH for identification of the organisms degrading environmental contaminants. This approach has been lately used in the field of microbial ecology to determine phylogeny and in situ nutrient uptake patterns of various cultivable or uncultivable bacteria in systems such as activated sludge, marine environments, and sewer biofilm [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Substrates studied are mainly natural compounds, including amino acids, bicarbonate, acetate, propionate, glucose, and so on. These studies demonstrated that the MAR-FISH technique has a potential for providing a direct link between 16S * To whom correspondence may be addressed (zeyer@ito.umnw.ethz.ch).
rRNA phylogeny and natural substrate uptake patterns without conventional cultivation. However, no efforts has been made yet in extending the technique to investigate the biodegradation of xenobiotic compounds.
The aim of this study is to examine the applicability of the technique for identifying the organisms involved in environmental contaminant degradation using a model system that was chosen on the basis of the differentiability of the bacteria in the system and its environmental relevance. The system consisted of two bacteria strains, Pseudomonas putida B2, degrading o-nitrophenol, and Sphingomonas stygia, degrading salicylate. The two bacteria can be differentiated not only by 16S rRNA-or 23S rRNA-targeted probes but also by their substrate utilization preferences (Table 1) . Both o-nitrophenol and salicylate are environmentally important aromatic compounds because of the widespread contamination of petroleum hydrocarbons, pesticides, dyes, and explosives, of which onitrophenol is listed as a priority pollutant by the U.S. Environmental Protection Agency [22] [23] [24] . Besides, both P. putida B2 and S. stygia are ubiquitous in soil, water, and sediments [22] [23] [24] [25] [26] . Sphingomonas stygia has broad catabolic capabilities and is capable of degrading a number of other aromatics including toluene, m-xylene, o-xylene, p-xylene, biphenyl, and fluorene besides salicylate [25] and thus has high potential for bioremediation and waste treatment.
MATERIALS AND METHODS

Organisms and culture condition
The experimental model system consisted of two bacteria strains (Table 1) , P. putida B2 and S. stygia. Of them, P. putida B2 is able to utilize o-nitrophenol as a sole source of carbon and nitrogen [22] but not salicylate, and S. stygia is able to use salicylate as a sole carbon source [25, 27, 28] but not o-nitrophenol. The two bacteria can also be differentiated by phylogeny, as P. putida B2 and S. stygia belong to ␥-proteobacteria and ␣-proteobacteria, respectively.
Pseudomonas putida B2 (DSMZ 6376) and S. stygia 
Incubation with radioactive and nonradioactive compounds
Serum bottles (30 ml) that contained 4 ml DSM mineral medium 457 were inoculated with 300 l of exponentially growing culture of P. putida B2 (grown on 0.5 mM o-nitrophenol, 0.02 in optical density [OD] ) and 300 l of exponentially growing culture of S. stygia (grown on 0.5 mM salicylate, 0.02 in OD). The bottles were sealed with gastight rubber stoppers. Both o-nitrophenol and sodium salicylate were added from separate stock solutions to achieve final concentration of 0.5 mM each. The [ 14 C] o-nitrophenol (specific activity 50-60 mCi/mmol; ANAWA, Wangen, Switzerland) was subsequently supplemented to achieve radioactivity of 1 Ci/ml. Controls with only one substrate (salicylate or o-nitrophenol) in the presence of both bacteria and controls with a single species of bacteria (P. putida B2 or S. stygia) in the presence of both substrates were included. All experiments were performed in duplicate. The serum bottles were vigorously shaken at 200 rpm on a shaker table under room temperature. Samples were taken twice or once a day for OD measurement, chemical measurement, and MAR-FISH analysis.
OD and chemical analysis
Optical density of the samples was measured with a Cary 50 Scan ultra violet/visible (UV/Vis) spectrophotometer (Varian, Mulgrave, Australia) at wavelength of 600 nm. The onitrophenol and salicylate were analyzed using high-performance liquid chromatography (HPLC) equipped with a Jasco 851-AS autosampler, two Jasco PU 980 HPLC pumps, and a Jasco UV-970 UV/VIS detector (OminoLab, Mettmenstetten, Switzerland). Separations were performed on a LiChrospher 100 column (LicroCART 125-4, RP-18, 5 m) (Merck, Darmstadt, Germany) with a mixture of phosphate solution (consisting of 0.09 M H 3 PO 4 and 0.009 M NaH 2 PO 4 , pH ϭ 1) and methanol (60:40 [v/v]) at a flow rate of 1 ml/min as eluant. Both compounds were detected at wavelength of 210 nm.
Cell fixation and in situ hybridization
Samples were fixed in 4% paraformaldehyde/phosphatebuffered saline (PBS) (containing 0.13 M NaCl, 7 mM Na 2 HPO 4 , and 3 mM NaH 2 PO 4 , pH ϭ 7.2) at 0ЊC for 12 h, subsequently washed twice in PBS, and stored in 50% ethanol in PBS at Ϫ20ЊC [29] .
Probe sequences for the probe used in this study are given in Table 2 . Oligonucleotides synthesized with 5Ј-Cy3 label were purchased from MWG-Biotech (Ebersberg, Germany). The DNA intercalating dye 4Ј,6-diamidino-2Ј-phenylindole (DAPI) (Sigma, Buchs, Switzerland) was used to stain bacterial cells nonspecifically. Staining was performed by the addition of DAPI to the hybridization reaction mixture (final concentration, 20 ng/l) and was always included as a control stain to detect all bacteria present in the preparation.
Whole-cell hybridization was performed mainly on the basis of the protocol of Zarda et al. [29] , but coverslips (plain glass, Milian, Geneva, Switzerland) instead of slides were used in the study. In brief, the fixed samples were spotted on coverslips, air dried, and dehydrated in an ethanol series (50, 80, and 96%) for 3 min each. After applying to each sample a mixture of 1 l probe (25-30 ng/l), 1 l DAPI stock solution, and 8 l hybridization buffer (0.9 M NaCl, 20 mM Tris-HCl, 5 mM ethylenediaminetetraacetic acid, 0.01% sodium dodecyl sulfate, pH 7.2), and a specific concentration of formamide (Table 2) , the coverslips were incubated for 2 h in a humid chamber at 42ЊC. They were then subject to washing in prewarmed buffer for 15 min at 48ЊC. The washing buffer contained 20 mM Tris-HCl (pH 7.2), 10 mM ethylenediaminetetraacetic acid, 0.01% sodium dodecyl sulfate, and either 440 or 102 mM NaCl, depending on the formamide concentration during hybridization (10 and 30% respectively). Subsequently, the coverslips were rinsed with deionized water and air dried.
MAR
An autoradiographic procedure similar to that described by Lee et al. [18] was performed. In brief, coverslips with hybridized samples on were coated in the dark with a thin layer of autoradiographic emulsion LM-1 (Amersham, Dubendorf, Switzerland) by pipetting 50 l emulsion on each sample spot and then withdrawing quickly. The samples were dried for 10 min and subsequently placed in a light-proof box wrapped in aluminum foil and stored under 4ЊC for 3 d for emulsion exposure. The emulsion was developed using Kodak developer 
Microscopy
Each coverslip was placed on a clean glass slide with the cells facing the slide, mounted with Citifluor solution (Citifluor, London, UK), and then examined at ϫ400 magnification (Zeiss Plan-Neofluar 40ϫ/1.30 oil) with a Zeiss Axiophot microscope (Zeiss, Oberkochen, Germany) equipped with filter sets 02 (Zeiss) for DAPI-conferred fluorescence and HQ-Cy3 (Cy3) (AHF Analysen Technik, Tuebingen, Germany) for Cy3-conferred fluorescence.
Both DAPI and Cy3-images were captured separately from the same examining field (exposure time 4 and 2 s, respectively) with a cooled digital video camera C5810 (Hamamatsu Photonics KK, Hamamatsu-City, Japan). The formation of silver grains in the autoradiographic film from the same examining field was observed by using the transmission mode of the instrument (exposure time 0.4 s).
RESULTS AND DISCUSSION
The coculture growth curve is shown in Figure 1 . With the degradation of o-nitrophenol and salicylate, OD of the mixed culture increased in the first 48 h or so and then started to level off when both substrates were depleted. Degradation of o-nitrophenol and salicylate followed the similar patterns as in pure culture (data not shown); that is, o-nitrophenol was degraded at a rate at least twice as fast as salicylate, suggesting the exclusive use of substrates by different bacteria, o-nitrophenol by P. putida B2, and salicylate by S. stygia. This was confirmed by the analysis performed on control cultures. Chemical analysis on controls with a single species of bacteria (P. putida B2 or S. stygia) in the presence of both substrates showed that P. putida B2 can degrade only o-nitrophenol but not salicylate and that S. stygia can degrade salicylate but not o-nitrophenol (data not shown). The FISH on controls with a single substrate (o-nitrophenol or salicylate) in the presence of both bacteria confirmed the growth of P. putida B2 on onitrophenol but not salicylate and the growth of S. stygia on salicylate but not o-nitrophenol (data not shown).
Samples taken after 40 h of incubation ( Fig. 1) were analyzed by MAR-FISH with three probes: Eub338, Alf1b, and Gam42a (Fig. 2) . Hybridization with probe Eub338 revealed the same number of cells as in DAPI staining ( Fig. 2A and   B) . However, only 58 Ϯ 11% of the organisms formed distinct silver grain aggregates on the autoradiographic emulsion (Fig.  2C) , which suggests that only these cells were able to incorporate the carbon of [
14 C] o-nitrophenol. When ␣-proteobacteria-specific probe Alf1b was used in MAR-FISH, 47 Ϯ 7% of the cells were able to hybridize with it ( Fig. 2D and E) , and all the remaining cells were labeled autoradiographically (Fig. 2F) , indicating that the organisms incorporating [
14 C] onitrophenol was not ␣-proteobacteria. The phylogenetic identity of the organisms degrading o-nitrophenol was eventually determined as ␥-proteobacteria when probe Gam42a was used in MAR-FISH. The cells hybridized with Gam42a (Fig. 2G) corresponded to those labeled autoradiographically (Fig. 2I) , and they accounted for 56 Ϯ 15% of the mixed culture.
With a defined model system, we showed in this study that the combination of MAR and FISH provides a rapid and reliable tool to identify the microorganisms involved in environmental contaminant degradation without enrichment and isolation. Depending on the specificity of the probes used, not only domainspecific determination is feasible, but genus-or species-level identification is also possible. With increasing use of molecular techniques in recent years, it is now a well-established set of methods to retrieve 16S rRNA sequences from the environmental samples and subsequently design specific probes for specific identification. Combining with these techniques, MAR-FISH has the potential of directly linking the environmental important processes with specific organisms and identifying them from numerous environmental clones. Besides the potential of MAR-FISH in qualitative identification, it is also possible to enumerate the microorganisms with desired function because of the quantitative nature of FISH. Furthermore, the information one derives from this method can assist in developing strategies for cultivating the microorganisms of interest. However, caution should be taken that the technique is limited to the situation where the environmental substrate of interest can be incorporated into the biomass so as to produce MAR signal. For example, if the substrate is used by the microorganisms as an electron acceptor, MAR will not be able to detect the organisms. In certain situations that involve complex microbial communities and environmental substrates, if the organisms capable of degrading the substrate of interest can also use other substrates, the presence of these substrates may compromise the results of MAR-FISH analysis. Removal of these substrates beforehand is then necessary to obtain useful information. Besides, different microorganisms may be required for mineralization of a certain substrate. Multiple MAR-FISH analysis is suggested to be performed to identify the different performers for each degradation step. A potential problem when applying MAR-FISH technique to environmental samples where rather low microbial activities are expected is the sensitivity of the technique. Although enrichment and isolation were not necessary in the defined model system, a certain degree of enrichment may be critical for some environmental samples to obtain detectable signals. Selection of appropriate probes is also of great importance. Any cross hybridization or nonspecific hybridization can complicate MAR-FISH results. It is suggested that MAR-FISH analysis be performed using multiple probes with different discriminability.
Despite the establishment of MAR-FISH in several labs, extensive experience is required for successful application of this technique. Depending on the system being studied, the general MAR-FISH has to be tailored to obtain ideal results. Care should be taken in each step of the MAR-FISH procedure. It is critical to select the right amount of radioactive substrate, concentration of unlabeled substrate, and incubation period according to the culture condition. No or an insignificant MAR signal is usually resulted from too little radioactivity or too short incubation time. For the culture with low activity, a long period of incubation is necessary. We also found that more intense FISH signals (Cy3-labeled oligonucleotide probes) could be obtained when FISH is performed prior to MAR procedure [18] . To avoid blockage of DAPI and probe-conferred signals by overlaying silver grains in the autoradiographic film during microscopic observation, FISH is recommended to be performed on coverslips instead of slides and subsequent observation to be made from the back side of the coverslips so that FISH signal is directly captured without going through the silver grain layer. In MAR procedure, thick emulsion coating should be avoided. We found that pipetting emulsion on sample spots and then withdrawing it quickly could conveniently make an ideal layer of emulsion film. Appropriate exposure time has to be selected according to the specific activity of culture. In addition, it is necessary to include negative controls to exclude experimental artifacts. In summary, we showed that MAR-FISH allows rapid and accurate identification of the microorganisms involved in environmental contaminants degradation without conventional cultivation. Further studies will focus on application of the technique to more complicated systems, including heterogeneous environmental samples.
